. The expression of Ick shows remarkable tissue specificity. p56Ick is found in essentially all T cells, in most B cells, and in a few human cell lines derived from colon adenocarcinomas and small cell lung carcinomas (18, 19, 25, 42, 43, 46, 47) . Expression in other tissues has not been detected, suggesting that the normal role of p56lck may be in either the maintenance, the development, or the function of lymphoid cells. Although growth factor-regulated tyrosine protein kinases have a well-understood role in growth regulation, the exact function of the src-like tyrosine protein kinases remains to be determined. It is clear, however, that the tyrosine protein kinases of this type can induce transformation through either inappropriate or excessive protein phosphorylation (34).
The Ick gene encodes a cytoplasmic tyrosine protein kinase, termed p56ck, that is a member of the same class of protein kinases as p60csrc, the polypeptide product of the c-src gene (25, 46) . The expression of Ick shows remarkable tissue specificity. p56Ick is found in essentially all T cells, in most B cells, and in a few human cell lines derived from colon adenocarcinomas and small cell lung carcinomas (18, 19, 25, 42, 43, 46, 47) . Expression in other tissues has not been detected, suggesting that the normal role of p56lck may be in either the maintenance, the development, or the function of lymphoid cells. Although growth factor-regulated tyrosine protein kinases have a well-understood role in growth regulation, the exact function of the src-like tyrosine protein kinases remains to be determined. It is clear, however, that the tyrosine protein kinases of this type can induce transformation through either inappropriate or excessive protein phosphorylation (34) .
RNase protection experiments have provided evidence for the existence in most T cells of at least two Ick mRNAs containing different 5' untranslated regions (45) . The wellcharacterized form of Ick mRNA, which we will call type I Ick mRNA, is colinear with the region of the chromosome just upstream of the initiation codon for Ick (45) . The other Ick mRNA, type II Ick mRNA, is generated by the splicing of an unidentified sequence to a splice acceptor site 5 nucleotides (nt) upstream of the initiation codon for p56lck (45) . As we show here, type I and type II Ick mRNAs arise from two different promoters.
In LSTRA cells, a line of murine cells derived from a thymoma induced by Moloney murine leukemia virus (Mo-and B. M. Sefton, manuscript submitted for publication) and may have contributed to the development of the original thymoma. The elevated level of pS61ck results in part from a ninefold increase in the level of lck mRNA in LSTRA cells (24, 47) . Sequence analysis of Ick cDNA from LSTRA cells has shown that p56lck is encoded in these cells by a hybrid mRNA in which the normal 5' untranslated region is replaced by 204 nt from the 5' end of the Mo-MuLV provirus (47) . This hybrid mRNA is generated through splicing of the Mo-MuLV env mRNA leader to the splice acceptor site used to generate the type II Ick mRNA. The transcriptional activation of Ick, therefore, results from retrovirus promoter insertion. The elevation in the level of the Ick protein in LSTRA cells also appears to result from an increased translational efficiency of the hybrid mRNA (24) . To understand the structure and identify the site of integration of the Mo-MuLV provirus in LSTRA cells, we isolated and characterized by sequence analysis molecular clones containing the region of the chromosome upstream of Ick from both normal mouse cells and LSTRA cells.
Thyl9 cells, which are derived from a BALB/Mo mouse thymic tumor, also contain elevated levels of both p56Ick and Ick mRNA (45) (46) (47) . RNase protection studies have shown that they contain a hybrid Mo-MuLV-lck mRNA identical to the one found in LSTRA cells. This demonstrates the existence of a Mo-MuLV provirus upstream of Ick in these cells as well (45) . To compare the structure of the provirus and the site of integration in Thyl9 cells with that found in LSTRA cells, we mapped the provirus in Thyl9 cells with restriction enzymes that recognize unique sites in the known Mo-MuLV proviral sequence (38) . 4114 ADLER ET AL.
With genomic clones oflck in hand, we were able to compare the structure of Ick with that of c-src. Although p56I1k and p60csrc are obviously homologous, they contain unrelated amino termini. To determine whether the dissimilarity of these amino termini resulted from rapid sequence divergence or from exon shuffling, we compared the sequences and structures of the first four exons oflck and c-src.
The c-src gene encodes two forms of p60c-src (2) . Alternative splicing yields a c-src mRNA [c-src(+)] that contains an additional exon of 18 nt between exons 3 and 4 (22, 26) in neuronal cells. Since this exon is within a region of obvious sequence identity between c-src and Ick, we also examined whether Ick contained in its third intron a sequence similar to the c-src(+) exon.
MATERIALS AND METHODS Cells. The LSTRA line of Mo-MuLV-induced BALB/c thymoma cells (10) and the WEHI 7 line of X-ray-induced BALB/c mouse thymoma cells (12) were grown in DulbeccoVogt modified Eagle medium supplemented with 20% fetal calf serum, 50 mM 2-mercaptoethanol, and 2 mM glutamine. The Thy19 cell line, isolated from a spontaneous thymoma of BALB/Mo (Mov-1) mice (44) , was a gift from M. Vogt and was grown in the medium mentioned above. The S194/ 5.XXO.BU.1 line of cloned mature murine plasma cells (14) was generously provided by R. Hyman and was grown in the medium mentioned above with the substitution of 10% heat-inactivated horse serum.
Molecular cloning of LSTRA cell DNA. High-molecularweight DNA was prepared from LSTRA cells by the method of Blin and Stafford (23) . The DNA was subjected to partial digestion with the restriction endonuclease Sau3A (0.0125 U/kg of DNA for 60 min at 37°C) to yield a majority of fragments in the 12-to 23-kilobase (kb) range. A 1-,ug portion of the X replacement vector EMBL3 (8) (27) . Benton Primer extension. Total RNA from WEHI 7 and S194/5 cells (50 jug) was annealed with a 181-nt primer, and the primer was extended with avian myeloblastosis virus reverse transcriptase as described in Materials and Methods. The products were analyzed by gel electrophoresis on a 5% polyacrylamide gel and detected by fluorography for 48 h. A C-specific sequencing reaction primed with the same oligonucleotide used to synthesize the primer was analyzed in parallel. Arrows point to the most predominant bands in each experiment. The sequence flanking the cap site is shown next to panel A. Lanes: 1, primer extension with WEHI 7 cell RNA; 2, primer extension with S194/5 cell RNA; 3, mixture of lane 1 and a C sequencing reaction. (B) S1 nuclease analysis. Total RNA from WEHI 7 and S194/5 cells (200 jig) was annealed to a 485-nt probe and digested with Sl endonuclease as described in Materials and Methods. The products were analyzed by gel electrophoresis on a 5% polyacrylamide gel and detected by fluorography for 40 h. A C-specific sequencing reaction primed with the same primer used to produce the S1 probe was analyzed in parallel. Lanes: 1, S1 analysis of WEHI 7 cell RNA with 1,000 U of S1 per ml; 2, S1 analysis of WEHI 7 cell RNA with 2,000 U of S1 per ml; 3, S1 analysis of S194/ RESULTS Location of the proximal promoter for kck. We identified the cap site of the type I Ick mRNA by using primer extension and S1 nuclease analysis. To do this, we took advantage of a clone containing the 5' end of Ick from MOPC41 cells, described previously (45) . Primer extension analysis (Fig. 1A) showed that the most abundant 5' end of the type I Ick mRNA was 187 nt upstream of the initiation codon for pS6'ck; minor species having 5' ends at 186 and 188 nt upstream of the AUG were also seen. Prolonged exposure of the gel displayed in Fig. 1A revealed an additional start site approximately 207 nt upstream from the initiation site for translation. The transcripts arising from this site were approximately fivefold less abundant (data not shown). All of these bands arose from Ick mRNAs. Primer extension with RNA from murine lymphoid cells not containing Ick transcripts (47) yielded none of these products (Fig. 1A, lane  2) .
To exclude the possibility that a small exon, such as the 27-bp untranslated murine thyrotropin e subunit exon 1 (48) , is spliced onto the 5' end of type I Ick mRNA, we carried out S1 nuclease analysis with a probe containing 426 nt of the chromosome upstream of the Ick initiation codon (Fig. 1B) . The most abundant form of type I Ick mRNA protected chromosomal sequences as far as 187 nt upstream of the initiation codon for p56ck, although protection of the probe up to 185, 186, 188, and 189 nt upstream of the initiation codon was also seen. In addition, a minor species complementary to the probe for 207 nt upstream of the Ick initiation codon was detected. Again, all of these bands arose from protection by Ick mRNA because hybridization of the probe to RNA from cells not expressing Ick (47) did not lead to the protection of the probe (Fig. 1B, lane 3) . 4116 ADLER ET AL. Since the majority of transcripts initiate 187 bp upstream of the initiation codon for p56'ck, the sequence immediately upstream of this site must contain the promoter for type I Ick mRNA. The nucleotide sequence of the region upstream of the type I Ick cap site is shown in Fig. 2 . Numbering throughout the rest of this paper will refer to the cap site as +1 and the adjoining upstream nucleotide as -1.
Structure of an alternative Ick 5' untranslated region. RNase protection data suggest that an Ick transcript different from that characterized previously is predominant in helper T cells (45) . To characterize these transcripts, a helper T-cell cDNA library was screened with two DNA probes specific for the 5' end of the Ick coding region. One clone, pA2, annealed with both probes. It contained an insert of approximately 720 bp and lacked a StuI site present in the 5' untranslated region of the previously described type I lck cDNA (25) . The insert in pA2 was therefore subjected to DNA sequence analysis.
This cDNA was derived from a novel Ick mRNA. A unique 5' untranslated region of at least 49 nt was found to be joined to sequences present in all Ick mRNAs at the nucleotide 5 nt upstream of the initiation site (Fig. 3) . This is the splice acceptor site predicted to give rise to the type II lck transcripts detected by RNase protection. The next 377 nt were identical to those found previously in Ick mRNA. The sequence of pA2 diverged from that of the previously described Ick mRNAs at nt 570 of the published hybrid Ick cDNA (47 (Fig. 4) . In LSTRA cells, 2.9 kb of viral sequences was found inserted at nt -963. Only the 644 bp at the left-hand end of the insert, including a 5' long terminal repeat (nt -447 to +273 of the Mo-MuLV provirus [38] ), were in the same transcriptional orientation as Ick. These viral sequences were followed by 2.23 kb of inverted viral genomic sequence derived from the gag and pol regions of Mo-MuLV (nt 3311 to 1086 of the Mo-MuLV provirus [38] ). A 554-nt sequence (nt -962 to -409 upstream of Ick in Fig.  2 ) was duplicated exactly upstream of the viral sequences. In normal murine DNA, a mouse B2 ubiquitous transposonlike repeat sequence (20) terminates at -1018.
To verify that the clone containing this abnormal provirus and duplicated flanking cellular sequences was not the result of rearrangements generated during cloning, we compared the restriction map of XlckL16 with that of LSTRA chromosomal DNA by Southern analysis (Fig. SA) . In Fig. SA , we also show the restriction digests of the normal genomic clone XlckM17 and of WEHI 7 genomic DNA. Digestion of DNA from LSTRA cells with the restriction endonuclease XbaI yielded 3 fragments, with sizes of 4.5, 2.5, and 1.6 kb, that hybridized with the 1.1-kb EcoRI fragment described above.
The 2.5-kb band was also present in both the normal X1ckM17 clone and in DNA from WEHI 7 cells and is almost certainly from an unrearranged Ick allele in LSTRA cells. The 4.5-and 1.6-kb fragments found in XlckL16 were also present in LSTRA cell DNA but absent from WEHI (Fig. SB) . Digestion of DNA from Thyl9 cells with the restriction endonuclease PstI yielded 3 fragments with sizes of 8.5, 2.6, and 1.0 kb (Fig.  SB, lane 5) , that hybridized with the 1.1-kb EcoRI fragment described above. The fragments of 2.6 and 1.0 kb were also present in DNA from WEHI 7 cells (Fig. SB, lane 6) . The 8.5-kb band therefore appears to contain foreign DNA. From restriction mapping and sequence analysis, it is known that the 1.0-kb PstI fragment is upstream of the 2.6-kb fragment and contains nt -794 to +200 of the lck gene (Fig. 4A) . Since a provirus must be upstream of the start codon for p56Ick to give rise to a hybrid Ick mRNA, the proviral insertion must have introduced at least 7.5 kb into the 1.0-kb PstI fragment on one allele. Digestion of genomic DNAs from Thyl9 and WEHI 7 cells with the restriction endonuclease EcoRI yielded identical patterns of restriction fragments when hybridized with the 1.1-kb EcoRI probe (Fig. 5B, lanes 7 and  8) . Since the 1.1-kb EcoRI fragment, which contains nt -584 to +554 of the Ick gene, is not rearranged but the 1.0-kb PstI fragment containing nt -794 to +200 is, proviral integration must have occurred within a 210-bp region (marked by a double-headed arrow in Fig. 4A) (Fig. 4B) (38) .
DISCUSSION
Our data show that Ick transcripts with two different 5' untranslated regions arise from two separate promoters. S1 nuclease analysis and primer extension show that the major start site for type I Ick mRNA is 187 nt upstream of the initiation codon for lck. No splicing occurs in the generation of the 5' untranslated region of this mRNA. An Ick cDNA clone that contained a novel 5' untranslated sequence diverging in sequence from type I Ick mRNA at the predicted splice acceptor site was isolated from a murine T helper cell cDNA library (Fig. 3) . We have chosen to call the mRNA from which this cDNA was derived type II Ick mRNA. The 5' untranslated region of this mRNA is not present in type I lck mRNA, nor is it present in the 1 kb of genomic DNA upstream of the start site of type I Ick mRNA (Fig. 2) 10 kb of genomic sequences upstream of the start site of type I Ick mRNA (data not shown). This suggests that the promoter giving rise to type II Ick mRNA is present more than 10 kb upstream of that for type I Ick mRNA.
The partial sequence of the 5' untranslated region of the type II Ick mRNA had 87% nucleotide identity with the 5' untranslated region of the human Ick mRNA sequence published by Koga et al. (18) . This implies that this human Ick cDNA clone, YT16, is derived from human type II Ick mRNA and may be initiated at a distal promoter. The very high level of nucleotide identity between the 5' untranslated regions of murine and human type II Ick mRNAs, 87%, is typical of proto-oncogene mRNAs (our unpublished observations). Marth et al. (24) have demonstrated that AUG codons in the 5' untranslated region of type I Ick mRNA inhibit the translation of the mRNA. It is of note, therefore, that the 5' untranslated regions of both human and murine type II Ick mRNAs also contain at least one conserved AUG codon (Fig. 3) . These may also affect the translation of this type of lck mRNA.
Previous RNase protection data showed that transcripts from both promoters were present in most T cells (45) . The ratios of the two types of ick mRNA were, however, different in different cell lines. Type I Ick mRNA was most prevalent in two thymoma cell lines, while type II lck mRNA was predominant in two helper T-cell lines. It is possible that the two promoters allow complex regulation of lck expression during lymphoid development. It may also be that only one of the promoters will be found to give rise to the low levels of Ick found in B cells (18, 25, 42, 43) .
The promoter for type I kck mRNA. The region of the chromosome upstream of the cap site for type I Ick mRNA lacks the characteristic TATAAG and GGPyCCAATCT sequences present in most promoters at -30 and -60 nt (Fig. 2) (36) . At least 10 characterized eucaryotic promoters lack both these sequences (see references 15, 29, and 32 and references therein). Some of these contain instead GC boxes (Spl binding sites [16] (4) . This also overlaps another sequence at -62 to -54 that is identical to a region at -92 to -84 from the cap site of the murine type II Thyl.2 mRNA (from the proximal promoter) (15) . In addition, there are four decanucleotide elements that are identical to sequences found in a T-cell receptor P chain (TCR,) 3' enhancer (21) [38] ). Notably, the 554 bp of cellular sequences on both sides of the viral DNA are identical yet are present only once in the normal Ick locus (Fig. 4A) (31) .
In Thyl9 cells, approximately 9 kb of foreign DNA is integrated somewhere between 584 to 794 nt upstream of the start site for type I Ick mRNA (Fig. 2) . The first 3.5 kb and the last 1.5 kb of this foreign DNA have restriction maps identical to that of a Mo-MuLV provirus. The 4 kb between these sequences, from 3.5 to 7.5 kb in Fig. 4B, do ated at the 5' LTR promoter and extended through the viral polyadenylation signal into host cellular sequences (13) . The existence of a functional viral splice acceptor site and polyadenylation site in the precursor hybrid Ick mRNA in Thyl9 cells could, however, be responsible for the fact that the level of spliced hybrid Ick mRNA is lower in Thyl9 cells than in LSTRA cells (45) .
Structure of the 5' end of the lck gene. The eight members of the src family almost certainly arose from a common evolutionary ancestor. The src-like proteins are obviously homologous in their carboxy-terminal 420 residues. Homology is not, however, recognizable in their amino-terminal domains. An obvious question is whether these aminoterminal domains have diverged in sequence more rapidly than the catalytic carboxy-terminal domains or whether these amino-terminal domains are, in fact, not homologous and arose as a result of exon shuffling.
In the carboxy-terminal portions of these genes, all the exon-intron boundaries of the src family genes examined to date are identical (17, 35, 39, 40, 49, 50) . As expected, we found that exon 4 of the murine Ick gene is exactly the same size and has identical boundaries to exon 4 of the avian c-src gene (see Fig. 6 legend) . In contrast, two Ick exons encode residues 1 to 62 of p561ck whereas only one exon encodes the analogous regions of both p55c-fgr and p60c-src (Fig. 6A) (17, 39, 40) . This suggests that the divergence of Ick from c-fgr and c-src involved exon shuffling. It has been proposed that the regions encoding the amino termini of p55c-fg r and p60c-src are homologous but are no longer recognizably related because of rapid sequence divergence (17) . It may be that both exon shuffling and rapid sequence divergence have played a role in the genesis of the spectrum of genes that make up the src-related family.
A brain-specific c-src(+) mRNA contains an additional exon between exons 3 and 4 of the c-src gene (22, 26) . We were intrigued with the idea that a similar novel form of p56"c might be expressed in a lineage or developmentally dependent fashion. Since exons 3 and 4 encode homologous parts of p56Ick and p60c-src (25, 47) , we examined the coding capacity of potential exons in the analogous intron of Ick. A potential exon encoding a 14-amino-acid sequence, GlyVal-Met-Ile-Trp-Ser-Asn-Trp-Gly-Leu-Arg-Gly-Phe-Gln, had splice donor and acceptor sites that most nearly matched published consensus sequences (Fig. 6B) (37) . However, neither this sequence nor those encoded by any of the seven other potential extra exons were recognizably similar to the 6-amino-acid sequence, Arg-Lys-Val-Asp-Val-Arg, found in alternative exon, the amino acid sequence encoded by it is not similar to that encoded by the c-src(+) exon.
